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ABSTRACT 



Context. Most X-ray afterglows of gamma-ray bursts (GRBs) observed by the Swift satellite have a shallow decay phase oc t -1//2 
in the first few hours. 

Aims. This is not predicted by the standard afterglow model and needs an explanation. 

Methods. We discuss that the shallow decay requires an unreasonably high gamma-ray efficiency, <; 75-90%, within current 
models, which is difficult to produce by internal shocks. Such a crisis may be avoided if a weak relativistic explosion occurs 
- 10 3 -10 6 s prior to the main burst or if the microphysical parameter of the electron energy increases during the shallow decay, 
e e oc t 1 ' 2 . The former explanation predicts a very long precursor, while both prefer dim optical flashes from the reverse shock, 
as was recently reported. We also calculate the multi-wavelength afterglows and compare them with observations. 
Results. No optical break at the end of the shallow X-ray decay indicates a preference for the time-dependent microphysics 
model with additionally decaying magnetic fields, e_g oc t~ os . 

Key words, gamma rays: bursts — gamma rays: theory — relativity — acceleration of particles — shock waves 



1. Introduction 

Recently the Swift satellite has allowed us to observe early 
afterglows of gamma-ray bursts (GRBs) in the first few 
hours after the burst (e.g., Tagliaferri et al. 2005; Burrows 
et al. 125551 Chincarini et al. 125551 Nousek et al. 
Cusumano et al . 123351 Hill et al. 123351 Vaughan et al.[ 
Barthelmy et al. l2005| ). This time window remains largely 
unexplored, and multi-wavelength studies of early after- 
glows would reveal many questions concerning GRBs, such 
as the emission mechanism, nature of the central engine, 
and burst environment (Zhang et al. 120061 Nousek et al. 
123351 Yamazaki et al. 123351 Toma et al. 123351 Kobayashi et 
al. 123351 Panaitescu et al. I2006al Eichler & Granot|2006 
Granot & Kumar 2006a, Lazzati & Begelman 2005). 

Early X-ray afterglows observed by the Swift X-Ray 
Telescope (XRT) have three kinds of canonical features 
that are not predicted by the standard model from the 
pie-Swift era (Nousek et al. 123351 Zhang et al. 12335)1 . X- 
ray light curves show (i) a very steep initial decay (oc 
t~ ai with 3 ^ «i < 5) followed by (ii) a very shallow 
decay (oc i~ Q2 with 0.2 ^ ct2 Ss 0.8) that connects to 
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the conventional late afterglow, while about half of the 
afterglows have (iii) strong, rapid X-ray flares minutes to 
days after the burst (Piro et al. 123351 Burrows et al. 123351 
Ioka, Kobayashi & Zhang 123351 Fan & Wei l2335)l . 

The steep decay component is most likely the tail 
emission of the prompt GRBs and/or of the X-ray flares 
(Nousek et al. 123351 Zhang et al. 2006; Yamazaki et al. 
2006). Even if the emitting surface stops shining, we con- 
tinue to see photons coming from the region at large angles 
relative to our line-of-sight because the emitting surface 
has a curvature. Most photons from the large angles are 
not emitted in our direction because of relativistic beam- 
ing, so that the flux decays steeply. Since the emission 
region moves outward on the surface, the tail emission 
features, e.g., the decay index and smoothness, would di- 
agnose the unknown GRB jet structure (Yamazaki et al. 
1233511 . 

The X-ray flares are considered to be produced by 
the long activity of the central engine up to the time of 
the flares (Burrows et al. 2005'; Ioka et al. 123351 . This is 
mainly because an afterglow cannot be variable with a 
large amplitude and a short timescale by itself, i.e., such 
as by the ambient density fluctuations and the inhomo- 
geneous emitting surface, as concluded by the kinematic 
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arguments (Ioka et al. I2005[) . However, the actual origin 
of the long activity is still under investigation (King et al. 
I3TO51 Perna, Armitage, & Zhang ISUUfJjl . 

The most enigmatic feature in early X-ray afterglows 
is the shallow decay of the light curve. So far two kinds of 
models are proposed for the shallow X-ray afterglows. One 
class of the models is the energy injection model (Nousek 
et al.mnSI Zhang et al. lMifil Granot & Kumar lMirmJ) . in 
which continuous energy is injected into the afterglow so 
that the flux decay becomes slower than the usual oc t . 
The injection may be caused by (al) the long-lived cen- 
tral engine (Dai & Lu H353l Rees & Meszaros EMMH Zhang 
& Meszaros 2002) or (a2) the short-lived central engine 
ejecting shells with some ranges of Lorentz factors (Rees 
& Meszaros HM® Kumar & Piran lSUUUl Sari & Meszaros 
I5UUU1 Zhang & Meszaros IM^jl . The other class is (b) 
the inhomogeneous jet model (Toma et al. 120061 Eichler 
& Granot BOOfiJ) . In this model, early afterglows are not 
bright because the jet surface on the line-of-sight is dim 
and the surrounding off-axis region with ordinary bright- 
ness is observed later. 

However, in all models, the shallow X-ray afterglows 
pose a serious problem, demanding an unreasonably high 
gamma-ray efficiency of the prompt GRBs (defined by 
e 7 = E 1 /{E 1 + Ek), where _E 7 is the radiated prompt en- 
ergy and Ek is the kinetic energy of the afterglow remain- 
ing after the burst), as explained in Sect. El Even before 
the Swift era, one considers that the gamma-ray efficiency 
of the prompt GRBs is relatively high, i.e., e 7 ~ 50% or 
more (Lloyd-Ronning & Zhang 2001J, an d develops in- 
ternal shock models that can manage to produce such 
a high efficiency (Beloborodov 120001 Kobayashi & Sari 
2001). Since the required efficiency is further increased, 
we have a strong theoretical motivation to suspect the 
current models. 

In this Letter we suggest two more kinds of possible 
models for shallow X-ray afterglows without invoking an 
unreasonably high gamma-ray efficiency. One is the prior 
activity model in Sect. 13.11 while the other is the time- 
dependent microphysics model in Sect. 13.21 The energetic 
afterglow model in Sect. 13.31 may also reduce the required 
efficiency. We also calculate the multi-wavelength after- 
glows in Sect. [J] We compare our results with observations 
and discuss implications in Sect. El 

2. Efficiency crisis 

Let us show that a high gamma-ray efficiency is necessary 
to explain the shallow X-ray afterglows within models pro- 
posed so far. Here we should note that the flux decay is 
shallower than oc t^ 1 and therefore more time-integrated 
energy is radiated at a later time. In this section we as- 
sume that electrons are accelerated to a power-law distri- 
bution N(j e ) oc 7™ 2 and X-rays arise from fast cooling 
electrons, so that the X-ray luminosity is proportional to 
the bolometric one. Note that the lack of spectral evolu- 
tion across the X-ray break indicates that these breaks are 
not produced by the passage of a spectral break. 



(al) First we consider the energy injection model 
caused by the long-lived central engine. If there is no in- 
jection, the light curve decays as oc t^ 1 after the peak time 
tdcc ~ max[T, t 7 ], where T is the burst duration, 

1/3 

*7 = ( T^r^ k) ~ WOEt^-^n-^ s (1) 

is the time to collect 7 _1 of the ejecta mass, 72 = 10 2 7 
is the Lorentz factor of the ejecta, n is the ambient den- 
sity, and E/. = 10 53 -Efc,53 erg is the afterglow energy (Sari 
1997). The peak time (tdcc ~ 1-10 2 s) is typically before 
the end of the shallow decay (t s ~ 10 3 -10 4 s). 

If the engine continues to eject outflows after the 
prompt burst, the outflows add energy to the external 
shock. Then the afterglow decay becomes shallower (oc 
t -1 / 2 ) than that for no injection (oc t^ 1 ). Since the de- 
cay oc t~ x / 2 is shallower than oc t~ x , the time- integrated 
injected energy E- in ^ is larger than the initial afterglow en- 
ergy E k by a factor of E ini /E k ~ (t s /t dcc ) 1/2 ~ 3-10. 
Since the burst energy is comparable to the afterglow en- 
ergy after injection _E 7 ~ E- m ^ ~ 3-10-Efc, the gamma-ray 
efficiency is corrected upward as e 7 — E 1 / (E^ + Ek) k 75- 
90%. Such a high efficiency is difficult to explain with re- 
alistic internal shock models (Kobayashi & Sari[2001). 

(a2) Next we consider the energy injection model 
caused by a short-lived central engine with some ranges of 
Lorentz factors of ejected shells. After the internal shocks, 
shells are rearranged so that outer shells are faster and in- 
ner shells are slower. This configuration may also occur if 
the central engine ejects faster shells earlier. Outer shells 
are slowed down by making the external shock. Once the 
Lorentz factor of the shocked shell drops below that of the 
slower shell, the slower shell catches up with the shocked 
shell, injecting energy into the forward shock. Thus the in- 
jection time ti of a shell with a Lorentz factor 7 is about 
U ~ ty in Eq. replacing E k with the time-integrated 
injected energy. 

The shallow phase continues until the energy in slower 
shells becomes less than the time-integrated injected en- 
ergy. Then, by equating the final time of the shallow phase 
t s ~ 10 3 -10 4 s with the injection time ti ~ t 7 in Eq. QJ, 
we can estimate the Lorentz factor 7 poa k in which most 
energy resides as 7 pC ak ~ 30-50. Since U ~ t 7 oc 7~ 8 / 3 
and the time- integrated energy grows as ~ t 1 / 2 , the en- 
ergy distribution is given by dE/d In 7 oc t 1 / 2 oc 7 -4 / 3 for 
7 > 7 P oak (Granot & Kumar I2006a[l . Therefore, the en- 
ergy in the shells with 7 <; 100 is smaller than the total 
injected energy E- ln ^ by a factor of 3-10. Now we recall that 
only shells with 7 100 can make the prompt burst be- 
cause of the compactness problem (Lithwick & Sari 2001). 
Then the afterglow energy remaining after the burst E k is 
a factor 3-10 smaller than the total injected energy, i.e., 
-E^ini ~ 3-lO.Efc, while the burst energy is comparable to 
the afterglow energy after injection E 7 ~ E m y Again we 
find that the corrected gamma-ray efficiency is very high, 
e 7 = E 1 /{E 1 + E k ) k, 75-90%. 

One may think that the gamma-ray efficiency is not so 
high if the initial energy distribution dE/d\n-f peaks at 
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7peak > 100 an d the peak moves to 7 pea k ~ 30 after inter- 
nal shocks. However, in order for the peak Lorentz factor 
7peak to move down to 7 pca k ~ 30, the shells of 7 > 100 
have to interact with shells of 7 ~ 30. Since the internal 
shock radius is determined by the lower Lorentz factor, the 
internal shocks occur deeply in the optically thick region, 
and therefore we cannot avoid the compactness problem. 

(b) Toma et al. t:2 077F)jl have completely discussed 
the inhomogeneous jet model. This model also needs a 
high gamma-ray efficiency e 7 = E 1 j{E 1 + Ek) J£ 75%. 
Therefore, all current models face an efficiency crisis! 

3. Possible solutions 

3.1. Prior activity model 

Since the afterglow energy after the shallow phase is more 
or less similar to the burst energy, we are tempted into 
considering that both types of energy have the same ori- 
gin. Then, to suppress the flux of the early afterglow, we 
logically have two choices: (A) the kinetic energy of the 
ejecta is not converted into the internal energy so much 
in the early phase or (B) even if the kinetic energy is con- 
verted into the internal energy it is not radiated away so 
much. The choice (B) will be discussed in Sect. 13.21 

For the choice (A) one may easily think of reducing the 
ambient density n because the kinetic energy is released 
when the ejecta is decelerated and the deceleration time 



is given by t dcc ~ t, 



-1/3 



in Eq. Q). However in this 



case, the early afterglow does not show a decaying feature 
but a rising one fSari ll997jl . If we adjust the ambient den- 
sity so as to have a shallow decay, we need an unrealistic 
density profile that drops outward and does not connect to 
the conventional density for the late afterglow. Therefore, 
we cannot simply reduce the ambient density. However, 
how about changing both the density and velocity of the 
ambient matter? Such a situation is not implausible if a 
prior explosion occurs before the observed prompt GRBs, 
for example. It is not unreasonable to consider such a prior 
activity because the X-ray flares suggest that the engine 
activity lasts very long after the burst (Burrows et al. 
20051 Ioka et al. [2005 ) and it may be also present before 
the burst. Actually, a sizable fraction of GRBs may have 
precursor activities (Lazzati 2005). A prior activity may 
be also expected in the supranova model (Vietri & Stella 
1998), although the ambient matter is not relativistic in 
this model. In the collapsar model such a prior activity 
might arise if the main burst is produced by the fallback 
of the ejected matter. 

To demonstrate the plausibility of the prior activity 
model, we consider the following simple model. We assume 



that an explosion occurs at t = —t p 



TO s (where we 



set t = as the burst trigger) and that mass 
M(< 7p ) oc 7p Q 



(2) 



with Lorentz factors less than 7 P is ejected, where we as- 
sume a > and j p < 7 max ~ 30. The energy associ- 
ated with that mass is E(< y p ) — jpMc 2 oc 7 p +1 . Since 



a > 0, almost all energy is concentrated near 7 max . We 
also assume that a prior explosion is weaker than the 



10 



5:S 



main burst, E(< 7 max ) = E p ~ 10 5 erg < £, 
erg. The ejected mass sweeps the ambient density mak- 
ing an external shock. The deceleration begins at t ~ 

-t p + lO^^Tm^fi.s"" 173 s from E q- O. and then the 
Lorentz factor and radius of the external shock evolve as 



R 



10 17 <5 4 2 ^ 1/4 [(^ + ^)/10 4 s] 1 / 4 



cm. 



(3) 
(4) 



Since the explosion is weak, its afterglow is not so bright 
(see Fig. [l]and Sect.©. Note that the Blandford & McKee 
l|197fi|l solution has the mass profile M(< 7p ) oc 7 P ^ 2 near 
the shock front and the index a is larger far from the 
shock. 

We assume that the ejecta of the prompt burst at t = 
is faster than the prior ejecta, i.e., 7 > 7 max . Before 
catching up with the external shock, the burst ejecta will 
collide with the slower ejecta at a radius R p ~ ci p 7 p . The 
relative Lorentz factor between the burst and slower ejecta 
is about r\ ~ 7/7 P for 7 > 7 P > 1, while the ratio of the 
comoving density is given by 



E k 



n p E(< 7 P ) 



(5) 



where rik (n p ) is the density of the burst (slower) ejecta 
and where we assume the slower ejecta is cold before the 
collision since it is not shocked. 

Let us assume rj 2 < / in the early phase. Then the re- 
verse shock is Newtonian (Sari & Piran lT§§5|l . The burst 
ejecta is not decelerated and keeps its Lorentz factor 7 ~ 
const. The internal energy is mainly released in the for- 
ward shock, which is given by 



S i ~M(< 7p )2L (X ^- 
7 P 



The radiation from the collision is observed at 

, 2 



t ~ % ~ t p \ ~ 10 3 i p ,47 2 ~ 2 7p,i.5 s - 



7 



7 



(6) 



(7) 



where t p = 10 4 i Pi 4 s and j p — 10 7p ,i.5 ~ 307 P) i.5, and 
hence j p oc t 1 ^ 2 . From Eqs. JHJ) and Q, the bolometric 
kinetic luminosity is given by 



t t 



(8) 



Therefore, assuming that the X-ray luminosity is propor- 
tional to the bolometric kinetic one, we can explain the 
shallow decay if a ~ 1.5-2.5 (see Fig.EJ. If the X-ray lu- 
minosity is not proportional to the bolometric kinetic one, 
the light curve is given by Eq. l(2*^l) in Sect.^] 

For an index a > 1, the ratio f /rj 2 oc 7 1 , - " is a de- 
creasing function of j p . The ratio f/r/ 2 becomes less than 
unity as the shock expands if min(//77 2 ) ~ Tam[E^ 2 /E{< 
7p)7 2 ] ~ E k "f 2 mx / E p "f 2 < 1 is satisfied. Therefore, the 
initially Newtonian reverse shock becomes relativistic. At 
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this point the reverse shock also crosses the burst ejecta 
because the crossing radius is given by i?A ~ (/ /rfY^R 
(Sari & Piran lTM5|l . Beyond the crossing radius, we can 
use a simple two mass model to estimate the Lorentz fac- 
tor of the forward shock due to the burst ejecta, 

7 „ lp ^ _|*L ^ V2 oc 7 (!-«)/ 2 oc t (i-«)/a(i+a). ( 9 ) 

Since a > 1, the forward shock due to the burst ejecta 
is decelerating. After the deceleration, the internal energy 
released in the forward shock is comparable to the energy 
of the burst ejecta ~ E^. Then the bolometric kinetic 
luminosity evolves as 

L^Ek/tocr 1 , (10) 

which is the conventional decay after the shallow phase. 
The time when the conventional decay begins is estimated 
from Eq. @ with j p satisfying / /rj 2 ~ 1, i.e., 

t s ~ t p — - ^ 5s lCptp^Ep^Eu 53 s. (11) 

This is about ~ 10 3 s for our parameters and reproduces 
the observations (see Fig. [IJ. 

Finally, the forward shock due to the burst ejecta over- 
takes the outermost forward shock due to the prior ejecta. 
At this radius the Lorentz factor 7 of the forward shock 
due to the burst ejecta in Eq. 10 is the same as that in 
the absence of the prior explosion. Therefore we have the 
same luminosity evolution in Eq. (|10f) after the forward 
shock drives into the ambient medium. (For more strict 
arguments, calculations like those in Zhang & Meszaros 
(2002J) are necessary.) Since the prior explosion has less 
energy than the prompt burst, the final afterglow energy 
is comparable to the initial afterglow energy E^ , and hence 
we have no efficiency crisis. 

In summary, a shallow light curve can be reproduced 
without the efficiency crisis if a small explosion with less 
energy than the main burst occurs t p ~ 10 3 -10 6 s before 
the burst. The shallow phase ends at around t s ~ 10 3 -10 4 
s in Eq. Qllfl. and this time marks the beginning of the 
deceleration of the burst ejecta due to the prior ejecta. 
The decay index of the shallow phase in Eq. © is mainly 
determined by the mass distribution of the prior ejecta in 
Eq. (J2Jl. More detail calculations are given in Sect. 0] and 
are compared with observations in Sect.JSJ 

3.2. Time-dependent microphysics model 

The other possibility to obtain the shallow X-ray afterglow 
without the efficiency crisis is to vary the microphysical 
parameters, such as the energy fraction that goes into elec- 
trons e e and magnetic fields £b, during the observations. 
Even if the burst ejecta is decelerated and the internal 
energy is released, most internal energy is initially carried 
by protons. Without transferring the proton energy into 
electrons and magnetic fields, little radiation is emitted 
since protons are inefficient emitters. 




t + t p ~t+10 4 [s] t [s] 

Fig. 1. The afterglow luminosity as a function of time be- 
fore the main burst (left) and after the main burst (right) 
in the prior activity model. We set t = at the beginning 
of the main burst (thick line). A precursor (dashed line) 
is produced by the forward shock due to the prior ejecta 
launched at t — — t p ~ — 10 4 sec. The forward shock emis- 
sion due to the main burst ejecta (solid line) has a shallow 
decay oc i -1 / 2 before the burst ejecta is decelerated by the 
prior ejecta t < t s in Eq. (|llfl . and after that it has the 
conventional decay oc t . 

So far we usually assume that the microphysical pa- 
rameters are not varying and in fact, constant e e and 
cb are consistent with the observations of late afterglows 
(Yost et al. 20031 ■ However, since the first few hours af- 
ter the burst is an unexplored period, we should check 
the constancy of microphysics observationally in this time 
interval without having any prejudice. Also, on the the- 
oretical side, the mechanism of the energy transfer from 
protons to electrons and magnetic fields in the relativis- 
tic shocks is not well understood from the first principles. 
Although recent particle simulations have demonstrated 
that the magnetic fields are generated by the Weibel in- 
stability in collisionless shocks (Medvedev & Loeb 1999 
Silva et al. 2003 Kato 2005), the long term evolution up to 
the time of the actual observation is beyond the current 
computer power. In addition, simulations have not suc- 
ceeded in reproducing e e ~ 0.1 (but see Hededal [2005) , 
probably because the grid size is not small enough for re- 
solving the radiation wavelength, and hence the coherent 
effects are not properly calculated (Ioka 2005). Since the 
coherent effects could depend on the Lorentz factor of the 
shock (Ioka 20050 . the electron energy fraction may vary 
in the early afterglow. 

If the index of the power-law electron distribution p is 
about p ~ 2 as usual and fast cooling electrons emit X- 
rays, the X-ray luminosity Lx is given by the bolometric 
kinetic luminosity L as 

L x ~ e e L, (12) 

and does not depend on the magnetic energy fraction cb so 
much (Lx oc e^~ 2 ^ 4 ). Since L oc t _1 , the shallow X-ray 
light curve Lx oc t~ 1 / 2 suggests that the electron energy 
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fraction evolves as 

eeoci 1 / 2 , (13) 

which is saturated at the equipartition value e e ~ 0.1-1 
when the shallow phase ends. Note that the initial value of 
e e at t ~ 1-100 s is still larger than the minimum energy 
fraction e e ,min = rn e /m p ~ 10~ 3 . More detail calculations 
are presented in Sect.|H 

3.3. Energetic afterglow model 

The gamma-ray efficiency e 7 = E 1 j(E 1 + Ek) can be re- 
duced if the kinetic energy of the afterglows Ek is actually 
much larger than previously thought (Fan & Piran l2"07)?)l 
Granot, Konigl, & Piran 2006b). This could be caused 
by the following possibilities, (i) The standard afterglow 
model has some ambiguities. In particular, Lloyd-Ronning 
& Zhang ( 2004| take a relatively large typical synchrotron 
frequency u m , which increases e 7 . (ii) Almost all energy 
could be radiated by the inverse Compton emission that 
is not observed, (iii) Only a part of the electrons Ce could 
be accelerated (Papathanassiou & Meszaros ll996[) . Thus, 
the afterglow fitting could actually give a larger kinetic 
energy (Eichler & Waxman 20 0"5*jl . 

Regardless, in this model the kinetic energy of the 
afterglow should be ~ 10 times larger than previously 
thought for a moderate gamma-ray efficiency e 7 ~ 0.1. 
In other words, the total energy of the gamma-ray bursts 
is 10 52 erg rather than ~ 10 51 erg. Note that this model 
itself does not explain the shallow decay of the X-ray af- 
terglow. We also have to consider time-dependent micro- 
physical parameters (e e ,es,C e ), the energy injection, or 
the inhomogeneous jet. 

4. Multi-wavelength afterglows 

First, let us consider the prior activity model. There are 
three phases in this model, (i) The first one is the 7 ~ 
const, phase, which corresponds to the shallow X-ray 
phase, (ii) The second one follows after the reverse shock 
crosses the burst ejecta. (iii) Finally, the conventional evo- 
lution in the constant density medium begins after the 
burst ejecta overtakes the outermost forward shock due 
to the prior ejecta. In the first phase (i), we estimate the 
comoving density of the pre-shocked matter n p , the typi- 
cal Lorentz factor of shocked electrons j m , the comoving 
magnetic field in the shocked region B 7 and the total num- 
ber of emitting electrons N e as 

„ _ M (<-yp) q-fi^fq-q/a 

B = (327rm p e B np) 1 / 2 ? ? c cx e^V"- 7 ^ 4 , 
p — 2 rrip _ _j J.-1/2 



7' 



7 



p — 1 TTl 

6nm e c 



v r\ cx e e 7p 1 cx e e t 



cx e. 



(TT'yB 2 t 



(15) 
(16) 

(17) 

(18) 



Then, according to the standard afterglow theory (Sari, 
Piran & Naravan ll998[l . we can calculate the spectral evo- 
lutions as 

v m = p«* ~ 1 x 10 12 Hz el^/r 1 ^, (19) 
Vc = TM. „ 8 x 10 15 Hz e B % 2 2 t^' 3a)/4 , (20) 



F v 



N e m e c 2 aTjB 
127rD 2 q 



0.4Jy $>'t 



2 '3 

1/2 ,(3a-7)/4 



(21) 



where e e ,-i = e e /0.1, €3,-2 = es/0.01, t% = t/10 3 s, and 
we adopt p = 2.2, 7 = 100, 7 max = 30, E p = 10 52 erg, 
t p = 10 4 s, and a — 2. Therefore, the X-ray light curve is 
given by 

p . — p (v Iv )^~ p ^ 2 (v/v "r p/2 



q-3 , (a-H)(p-2) 

OC t 2 ~*~ s 



(22) 



which is consistent with Eq. (JHJ) since F Vc<v cx t( Q ~ 3 )/ 2 
for p = 2. (Note that the luminosity per logarithmic fre- 
quency is constant for p = 2 and so the X-ray luminosity 
is proportional to the bolometric one.) The optical light 
curve is 



F v 



;„<u e = F u ^{v/v m ) {1 - p) ' 2 « ~ s ' (23) 



After the reverse shock crosses the burst ejecta in the 
prior activity model (i.e., in phase (ii)), the Lorentz factor 
of the forward shock evolves according to Eq. JJJJ, and so 
we have j p cx with Eq. (JJJ). By using the same 

Eqs. (|14|) - (|21|l with different t dependences of 7 and j p , 
we can find 



v c ott { - 3a+13 V 2{1+a \ 

TP K / (a-5)/2(l+q) 

Therefore, the X-ray light curve is 



Fu c <v oc t 



(3a + T)(p-2) 



(24) 
(25) 
(26) 



(27) 



which is consistent with Eq. I|10|) . since F Vc<v cx t 1 for 
p = 2. The optical light curve is 



a + 17 (3a + 7)(p-2) 



(28) 



After the burst ejecta runs into the interstellar medium 
(i.e., in phase (iii)), we note the conventional light curve 
as 



(14) F^cxi- 1 - 3 ^- 2 )/ 4 , F Vm<v<Va Kt-^'\ 



(29) 



The reverse shock emission in the prior activity model 
peaks when the shock crosses the burst ejecta in Eq. JTJ . 
Since the reverse shock is relativistic at t ~ t s , the en- 
ergy and energy density are similar to that of the forward 
shock. The thermal Lorentz factor is ?y _1 times smaller, 
while the electron number is rj times larger than that of 
the forward shock. Then v m , u c , and Fy iinax are rj~ 2 , 1, and 
T) times larger than that of the forward shock, respectively. 
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Therefore, the reverse shock emission is dominated by the 
forward shock emission, at least in the optical band. 

Second, let us consider the time-dependent micro- 
physics model. For general arguments, we parameterize 

eeoct^, e B (xt f3B , (30) 

in the shallow X-ray phase. Since the X-ray band is typi- 
cally above v c and the optical band is between v m and v c , 
the X-ray and optical light curves are given by 

(4/3 e +/3 B -3)(p-2) 



F Vc<v oc t~ 1+ ^ 

4/3 e 4-3)3 B -3 , (4g e +ff B -3)(p-2) 



Fu m <U<V c K ^ 



- + - 



(31) 
(32) 

respectively. After the shallow X-ray phase, the optical 
light curve returns to the conventional decay in Eq. I|29|) ■ 
The reverse shock emission is dominated by the forward 
shock emission in the optical band, since v m , v c , and 
Fv,max are 7 -2 , 1, and 7 times larger than that of the for- 
ward shock, respectively, if the microphysical parameters 
evolve in a similar manner to the forward shock. We do 
not consider the energetic afterglow model in this Letter 
since the model itself does not explain the shallow X-ray 
decay. 

5. Discussion 

We have discussed that the shallow decay of the X-ray 
afterglow requires an unreasonably high gamma-ray ef- 
ficiency, <; 75 — 90%, within current models (the en- 
ergy injection model and the inhomogeneous jet model). 
Since such an efficiency is difficultly produced by inter- 
nal shocks, we have suggested other possibilities, i.e., the 
prior activity model and the time-dependent microphysics 
model, that have no efficiency crises. We have also calcu- 
lated the multi- wavelength afterglows in these models. 

Let us compare the multi-wavelength afterglows with 
observations, although the multi-wavelength observations 
of the early afterglows are not yet very abundant. For sev- 
eral events, the X-ray and optical decay indices are around 
— (0.5-1) and —(0.4-0.8), respectively, in the shallow X- 
ray phase (Panaitescu et al.|2006b). In the prior activity 
model, such behavior occurs if p ~ 3 (the power-law in- 
dex of the electron distribution) and a ~ 3.8 (in Eq. (J2J), 
which give indices of ~ —0.5 (X-ray) and ~ —0.7 (opti- 
cal) from Eqs. (1221) and (|23|l . However, the spectral index 
— p/2 ~ —1.5 in Eq. i122l) is inconsistent with the observa- 
tions (~ 1). Thus, this model should be modified, e.g., by 
making microphysical parameters time-dependent. In the 
time-dependent microphysics model, we have the observed 
indices ~ —0.5 (X-ray) and <~ —0.7 (optical) for p ~ 2, 

j3 e ~ 0.5, and B 0.6 from Eqs. (5T )l . and l|32 ] ). 

(We adopt p ~ 2 to fit the post-shallow phase. See below.) 
Thus, the magnetic field energy also decreases during the 
shallow phase. It is interesting to note that the particle 
simulations also suggest a long term decay of magnetic 
fields. (Silva et al. 12003; Kato 127)7751) . 

The multi-wavelength observations of the early after- 
glows also suggest that the shallow X-ray phase ends with- 
out any optical break (Panaitescu et al. 2006b). In the 



prior activity model, the X-ray and optical decay indices 
are ~ —2 and ~ —2, respectively, just after the shallow 
X-ray phase from Eqs. l|2Tjl and ffify. and finally ~ — 1.7 
and ~ —1.5, respectively, from Eq. (|29|) . if we use the 
same parameters, p ~ 3 and a ~ 3.8, as in the shallow 
X-ray phase. This is inconsistent with the observations. 
To explain the observations in this model, the power-law 
index of the electron distribution p should finally change 
to the conventional value p ~ 2. In the time-dependent 
microphysics model, the chromatic X-ray break can be 
explained if the microphysical parameters stop evolutions 
after the shallow X-ray phase since the X-ray and opti- 
cal decay indices become ~ — 1 and ~ —0.8, respectively, 
for p ~ 2 from Eq. I|29|) . Note that the simplest form of 
the current models (the energy injection and the inhomo- 
geneous jet model) predicts an optical break at the end 
of the shallow X-ray decay because the hydrodynamics 
changes. 

The prediction of the prior activity model is a pre- 
cursor produced by the external shock due to the prior 
explosion (see Fig. Such a precursor may have evaded 
the detection since its luminosity could be low if the max- 
imum Lorentz factor of the prior explosion 7 max is not 
so large. The prompt emission from the prior explosion 
may be also dim if 7 max is too low to avoid the com- 
pactness problem. The precursor emission peaks around 

the deceleration time tdec ~ lO 4 -^ M7 ro axfi 5 n_1 ^ 3 s m 
Eq. QJ, and it is t p — td oc ~ 10 3 -10 6 s before the main 
burst. The peak luminosity of the precursor is about 
L p ~ e e E p /t dcc - 10 i7 e e ^iE Pt52 t~^ c 4 erg s -1 . 

In both the prior activity model and the time- 
dependent microphysics model, it is predicted that the 
optical emission from the reverse shock is suppressed (see 
Sect. 0J . This may be relevant to the dim optical flashes 
from the reverse shock recently reported (Roming et al. 
2005J. A possibility that the prior activity is continuous 
is also interesting to study. 
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